Abstract: Techniques and current trends of semiconductor optical amplifier (SOA) based all-optical wavelength converters with 2R and 3R regenerative capabilities are reviewed.
Introduction
All-optical wavelength converters that translate optical signals of one wavelength into optical signals of another wavelength may become key devices in wavelength division multiplexed (WDM) networks [1] . In particular, they may find applications in currently deployed optical crossconnects to overcome wavelength blocking [2] .
Presently, large footprint optical-electricaloptical (o-e-o) translator units with large power consumption are used to perform wavelength conversion in optical crossconnects ( Fig. 1) . Advantages of o-e-o methods are their inherent 3R ( reamplification, reshaping, retiming) regenerative capabilities and maturity. Conversely, the promise of alloptical wavelength conversion is scalability to very high bit rates. Indeed, 100 Gb/s all-optical wavelength conversion with pseudo random bit sequences (PRBS) of length 2 31 -1 [3] and 160 Gb/s with PRBS of length 2 7 -1 [4] , has already been demonstrated. All-optical solutions may offer other potential advantages such as less power consumption (no RF electronics), compactness, simplicity and lower cost.
Various materials have been used for performing all-optical wavelength conversion. These so-called "nonlinear materials" all have in common that intense laser light interacts with them in such a way that either the material properties change or new signals at other wavelengths are generated [5] . Important representatives of nonlinear materials are various types of optical fibers, LiNbO 3 materials and quaternary semiconductor compounds such as InGaAsP.
Methods to exploit the material nonlinearities include techniques such as four-wave mixing (FWM), cascaded second order nonlinearities, cross-phase modulations (XPM), cross-gain modulation (XGM), and chirp effects.
The advantages of techniques where new signals are generated (FWM, cascaded nonlinearities) are fast speed (<1ps) and the possibility of multi-wavelength conversion of several signals. Examples of these techniques are the simultaneous wavelength conversion of 32 wavelengths at 10 Gb/s in 1km of dispersion-shifted fiber by FWM [6] or the wavelength conversion of 100 Gb/s signals based on second order cascaded nonlinearities in LiNbO 3 [7] . Although these techniques might find application for simultaneous wavelength conversion of whole spans of signals, they will not likely be used for wavelength conversion in cross-connects, since they usually require high powers and long interaction lengths due to the weak nonlinearites. Moreover, polarization issues have to be addressed.
Strong nonlinearities as used in the 1.3-1.6 µm telecommunication window are found in InGaAsP materials lattice matched to InP. This has led to the development of compact wavelength converters based on DFB lasers [8] (40 Gb/s with PRBS of 2 7 -1), or electroabsorption modulators [9] (40 Gb/s with PRBS of 2
Fig. 1 Typical WDM optical crossconnect with transparent switch fabric and o-e-o (top) or all-optical (bottom) wavelength converters at the output to avoid wavelength blocking.
However, wavelength converters based on SOA configurations have so far demonstrated faster speed [4] (160 Gb/s), lowest operation powers and largest optical operation bandwidths (80 nm) [10] . They all have in common that they exploit SOA nonlinearities by applying the technique of cross-phase modulation (XPM). In the XPM technique, an optical control signal is used to modulate the refractive index of a SOA and as a result the phase of another signal within the same interferometric configuration. XPM configurations have the advantage that they permit exploitation of small refractive index changes in the SOA. Fig. 2 shows the refractive index changes attained within a SOA, when an input signal induces a carrier depletion from to [11] . Different effects such as the plasma effect, the bandfilling and the bandgap-shrinkage effect contribute to the refractive index change. Subsequently, we discuss different configurations that allow exploitation of the XPM effect in SOAs.
Configurations used for SOA-based high-speed wavelength conversion
The four most popular interferometric configurations that allow high-speed all-optical wavelength conversion are depicted in Fig. 3 . They have in common that they split cw signals (carrying the new wavelength) into two parts and guide them along separate arms of an interferometer until they are recombined in a coupler. Depending on the phase relation of the cw signals before the output coupler, they are mapped onto either one of two possible outputs. To couple the cw signals into the other output, their relative phase-relation should be changed by ~π. This is exactly what happens when an input signal induces a refractive index change in a SOA, placed somewhere in the configuration, such that the phase of one cw signal in the interferometer arm is changed. The various wavelength converters in Fig. 3 are different in the interferometer geometry and the way the SOAs are placed. Fig. 3(a) shows the Terahertz Optical Asymmetric demultiplexer (TOAD) [12] . A loop forms the interferometer for the cw signal. The SOA is asymmetrically placed in the loop, such that the cw signal copropagating with the input signal is first effected by the phase change induced by the input signal in the SOA. Fig. 3(b) shows the Mach-Zehnder interferometer (MZI) configuration [13] . The cw signal is split onto the two arms of the MZI. The input-signals are consecutively guided into the two SOAs on the arms in order to set the phase-shift in the first and subsequently in the second arm of the MZI. That allows to set and reset relative phase shifts between the cw signals. This so-called "differential operation scheme" allows for short switching windows, which are only determined by the fast refractive index change from carrier depletion and not affected by the slow carrier relaxation time of the SOAs [14] . Fig. 3(c) displays the Delayed-Interference (DI) wavelength converter configuration [15] . In this configuration the phase of the cw-signal is modulated before being guided into the inter- 
(a) TOAD configuration, (b) MZI configuration (c) DI configuration and (d) UNI configuration.
ferometer. The interferometer is then used to transform these phase-modulations into amplitude modulations. The last configuration of Fig. 3(d) shows the "ultrafast polarization-discriminating" configuration [16] or better known as the "ultrafast nonlinear interferometer" (UNI) [17] . In this configuration the cw signal is split into two parts, with one polarization delayed against the other. Subsequently, only the delayed signal is exposed to the refractive index change induced by the input-signal. When recombined after resetting the delay between the two polarizations, the cw signals couple into either of the output ports depending on whether an input-signal was present or not.
It is worth mentioning that all of the described configurations are operated in the above described "differential operation scheme" mode that allows for fast, polarization insensitive wavelength conversion almost unrestricted by the carrier lifetime. The time of the switching window is determined by the asymmetry ∆L, the delay between consecutive input signals ∆t or the delay time imposed by the interferometer arms of unequal length, respectively. However, configurations (b)-(d) allow for faster speed, since they use copropagating cw and input signals [18] .
Inherent stability and compactness is a requirement for the use of these devices in practical systems. Monolithic integration overcomes the instability problems encountered with fiber based solutions. Both MZI and DI configurations were successfully monolithically integrated [19] - [20] .
The fastest wavelength conversion experiments with PRBS of 2 31 -1, as needed for telecommunication applications, have been performed with monolithically integrated DI wavelength converters at speeds up to 100 Gb/s [3] , as shown in Fig. 4 , and with MZI devices at speeds up to 40 Gb/s [21] .
Devices based on the so-called dual-order mode (DOMO) concept [18] , which allows for copropagating operation while providing rejection of the input signal, already have demonstrated wavelength conversion up to 20 Gb/s [22] . This concept may become important in systems where high speed, wavelength conversion into the same wavelength and/or wavelength conversion without wavelength filter at the output is needed.
2R Regenerative Wavelength Conversion
To keep up with electronics, all-optical wavelength converters should feature 2R regenerative capabilities (reamplification, reshaping). While the first R can be obtained with additional SOAs or external amplifiers, the second one is more difficult to achieve. Signal reshaping has different flavours (Fig. 5) . Reshaping may be an improvement of the optical signal-to-noise-ratio (OSNR), an improvement of the input power dynamic range or a reduced full width at half maximum (FWHM) of the input pulses. The latter can be found in all of the above described configurations, since in these configurations the FWHM, is determined by the switching window time ∆t, as set by the differential operation scheme, and the pulse shape of the input signal. Typical input-power dynamic ranges of 5 dB at 40 Gb/s are regularly reported in both MZI [23] [24] and DI configurations [20] . OSNR improvements up to 20 dB have been reported in MZI based devices [25] .
3R Regenerative Wavelength Conversion
3R regeneration encompasses retiming regenerative effects, i.e. timing jitter removal. 3R retiming has been achieved by replacing the cw input signal in the configurations of Fig. 3(b) and (d) with a clock signal. The converted output signal then has the shape and timing of the clock signal rather then of the input signal.
An experiment based on the UNI configuration demonstrated 3R regeneration up to 80 Gb/s [4] . Other SOAbased experiments exploiting the regenerative characteristics of Mach-Zehnder configurations were successfully performed at 40 Gb/s [25] . 
